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INTRODUCTION 
Solar  energy u t i l i z a t i o n  r equ i r e s  l a r g e  a r e a s  t o  be covered with co l lec-  
t o r s ,  while t h e  thickness  of t he se  c o l l e c t o r s  is  usua l ly  r e l a t i v e l y  unimpor- 
t a z t  . For photovoltaic s o l a r  energy conversion, some c F t h e  common methods of 
r a t e r i a l  preparat ion generate  t h i s  ma te r i a l  i n  t h e  form of boules of 10 t o  
50 kg, with c ros sec t iona l  dimensions of 1 0  t o  30 cm.  The s l i c i n g  o r  wafering 
operat ion has t h e  t a s k  of converting t he se  boules i n t o  t h e  tI.in shee t s  re-  
quired f o r  l a r g e  a r ea  coverage. S l ic ing  is thus  an  operat ion which is  needed 
t o  match t h e  requirements of one technology t o  t h e  r e s u l t s  of another ,  and it 
is expected t o  accomplish t h i s  with a minimum of cos t  and ma te r i a l  l o s s .  The 
shee ts  o r  wafers produced by t h i s  process sequence a r e  i n  d i r e c t  competition 
with those which r e s u l t  from c r y s t a l  growth processes which lead d i r e c t l y  t o  
ribbons o r  shee ts ,  and which do not e n t a i l  mater ia l  l o s se s  comparable t o  those  
of t h e  s l i c i n g  operat ion.  Wafering thus  is needed only a s  a companion opera- 
t i on ,  i f  t h e  w e l l  e s tab l i shed  technology of boule generat ion i s  t o  be  f u r t h e r  
appl ied i n  t h e  manufacture of s o l a r  modules. To maintain competit iveness of 
t h e  boule growingls l ic ing approach, t h e  c o s t s  of t h e  process and t h e  mater ia l  
l o s se s  i n  s l i c i n g  need t o  be s u b s t a n t i a l l y  reduced. 
Although a subs t an t i a l  number of d i f f e r e n t  methods have been explored f o r  
t h e  c u t t i n g  of semiconductor mater ia l s ,  and p a r t i c u l a r l y  s i l i c o n ,  only four  
basic  approaches a r e  now i n  content ion f o r  t h e  wafering of b u l e s  of l a r g e  
crossect ion.  They f a l l  i n t o  two ca tegor ies :  s l u r r y  sawing, and f ixed-abrasive 
sawing. I n  each of t h e  ca tegor ies ,  tw approaches based on d i f f e r i n g  too l  
shapes a r e  being pursued. In  t h e  s l u r r y  sawing methods, t h e  t o o l  has t k e  form 
of e i t h e r  blades o r  w i r e s .  In e i t h e r  case,  a number of such t o o l s  is aggre- 
gated i n t o  a "blade pack". I n  t h e  f ixed  abras ive  sawing, t h e  primary approach 
has evolved t o  t h e  use of a c i r c u l a r  blade with t h e  cu t t i ng  edge located a t  
t h e  cjrcumf erence of a hole  i n  t h i s  blade ("ID saw") . The newer approach 
(FAST) has t h e  abras ive  at tached t o  wires which a r e  arranged i n  a blade pack. 
I n  t h e  s l u r r y  sawing methods, t h e  abras ive  is  suspended i n  a s u i t a b l e  
o i l  ("vehicle"), o f t en  with c e r t a i n  add i t i ve s ,  t o  form a s lu r ry .  The abras ive  
is f requent ly  s i l i c o n  carb ide  powder. I n  t h e  f ixed  abras ive  methods, diamond 
powder is always used a s  t he  abrasive.  I t  is imbedded a t  and near t h e  c u t t i n g  
edge of t h e  t o o l  by deposi t ion of a metal matrix,  which f requent ly  i s  n icke l .  
STATUS OF TECHNICAL PERFORMANCE 
Table I d e p i c t s  t h e  s l i c i n g  c a p a b i l i t i e s  a v a i l a b l e  i n  1978, projected im- 
provements t o  be accomplished i n  t h e  near term (ca.  1982), and t h e  capab i l i -  
t i e s  a v a i l a b l e  now. These cur ren t  c a p a b i l i t i e s  a r e  based on simultaneous 
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a t t a inment  of t h e  v a r i o u s  a t t r i b u t e s ,  a s  documented i n  LSA c o n t r a c t o r  p r o j e c t  
r e p o r t s ,  and r e p r e s e n t  d a t a  which i n d i c a t e  r e p e a t a b l e  accomplishments. The 
t a b l e  i n d i c a t e s  that c o n s i d e r a b l e  t e c h n i c a l  p rogress  has  been made, and t h a t  
t h e  p r o j e c t i o n s  a r e  being approached by a l l  methods, wi th  t h e  excep t ion  of 
mult i -wire s l u r r y  sawing. The l a t t e r  a l r e a d y  met advanced s p e c i f i c a t i o n s ,  and 
has  no t  progressed f u r t h e r .  While no p r o j e c t i o n  had been made f o r  t h e  ID-saw, 
it h a s  progressed s u b s t a n t i a l l y ,  and appears  compet i t ive  w i t h  t h e  o t h e r  meth- 
ods  wi th  r e s p e c t  t o  t h e  number of wafers  producible  from a  un t l e n g t h  of 
boule,  o r  s u p e r i o r  wi th  r e s p e c t  t o  t h e  ingo t  d iameter  cut.('-') 
TECHNICAL DIFFERENCES BETWEEN THE CUTTING METHODS 
The b a s i c  d i s t i n c t i o n s  between t h e  f o u r  major c u t t i n g  methods Iuve  been 
mentioned i n  t h e  i n t r o d u c t i o n .  They a r e  a l s o  l i s t e d  i n  Table T I .  Bes ides  re- 
s u l t i n g  i n  d i f f e r i n g  c u t t i n g  performance, t h e  v a r i o u s  a b r a s i v e  ar rangements  
d i r e c t l y  r e s u l t  i n  d i f f e r i n g  c o s t s  f o r  a p e n d a b l e s ,  which a r e  s a w  b l a d e s  i n  
t h e  f  ixed-abras ive  c a s e ,  o r  b lades  and s l u r r y  i n  t h e  c a s e  of s l u r r y  sawing. 
The c o s t s  f o r  t h e s e  expendables w i l l  be d i scussed  l a t e r  wi th  t h e  o t h e r  eco- 
nomic a s p e c t s .  I n  t h e  f i x e d  a b r a s i v e  method, t h e  c u t t i n g  a c t i o n  has been 
thought t o  be e s s e n t i a l l y  a t  t h e  edges of t h e  a b r a s i v e  p a r t i c l e s ,  which t h u s  
would a c t  l i k e  t h e  t e e t h  i n  t h e  common machine t o o l s ,  such a s  t h e  s t e e l  saw 
blades .  I n  t h e  s l u r r y  methods, t h e  c u t t i n g  a c t i o n  has  been thought t o  occur  
a t  t h e  s u r f a c e  of t h e  a b r a s i v e  g r a i n s  which r o l l  over t h e  workpiece under t h e  
a c t i v a t i o n  of  t h e  t o o l .  I n  consequence, t h e  c u t t i n g  a c t i o n  i n  t h e  f i x e d  abra -  
s i v e  method has  been i n t e r p r e t e d  t o  be more l i k e  one of sc rap ing ,  v h i l e  i n  t h e  
s l u r r y  methods, t h e  i n f l u e n c e  may more resemble t h e  c r u s l ~ i n g  of a  t h i n  su r -  
f a c e  l a y e r .  
A s  Table I1 shows, t h e  t o o l  can,  i n  p r i n c i p l e ,  have t h e  shape of a wi re ,  
a  r ibbon,  o r  a  d i s k ,  f o r  e i t h e r  c u t t i n g  ~ e t h o d .  But t h e  c h o i c e  of t o o l  shape 
c o n t r o l s  t h e  amount of normal f o r c e  which can be  exer ted  between t h e  t o o l  and 
t h e  workpiece. I n  a d d i t i o n ,  t h e  shape of t h e  t o o l  l i m i t s  t h e  types  of t o o l  mo- 
t i o n  which can be employed. The t h i r d  independent v a r i a b l e  is t h e  t o o l  motion,  
which, i n  p r i n c i p l e ,  can be o s c i l l a t o r y  o r  r o t a r y .  I n  r o t a r y  t o o l  motion,  much 
l a r g e r  t a n g e n t i a l  v e l o c i t i e s  between t h e  t o o l  and t h e  workpiece can be a t -  
t a i n e d  than w i t h  o s c i l l a t o r y  motion, due t o  t h e  mechanical c o n s t r a i n t s  of t h e  
machine. However, t h e r e  seems t o  be no p r a c t i c a l  p o s s i b i l i t y  f o r  a p p l i c a t i o n  
of m u l t i p l e  t o o l s  wi th  r o t a r y  motion, be i t  a  r o t a t i n g  d i s k  o r  a  r o t a t i n g  
loop,  such a s  i n  a  band saw. I n  c o n t r a s t ,  wi th  o s c i l l a t o r y  motion, a l a r g e  
number of t o o l s  can be used s imul taneously ,  f o r  ins tance ,  by a r rang ing  them i n  
a  b lade  pack. Up t o  940 b lades  o r  wi res  have been used s imul taneously  i n  
e i t h e r  s l u r r y  o r  f  ixed-abras ive  methods. 
The v i a b i l i t y  of any of t h e s e  methods is  ul t imatc l ly  determined by t h e  
add-on p r i c e  of t h e  opera t ion .  Th i s  add-on p r i c e  is s t r o n g l y  inf luenced by two 
a t t r i b u t e s :  t h e  p r o d u c t i v i t y ,  and t h e  mass of s i l i c o n  used per  u n i t  s h e e t  
a r e a  (Table 111). The p r o l u c t i v i t y  is a f u n c t i o n  of t h e  l i n e a r  c u t t i n g  speed 
(."feed ra te" )  a t t a i n e d ,  of t h e  number of wafers  c u t  s imul taneously ,  and of t h e  
y i e l d  of t h e  opera t ion .  The l i n e a r  c u t t i n g  speed depends p r i m a r i l y  on t h e  tan-  
g e n t i a l  t o c l  v e l o c i t y  and on t h e  normal f o r c e  which can be exer ted  between t h e  
t o o l  and t h e  workpiece, a s  w i l l  be d i scussed  i n  more d e t a i l  l a t e r .  The y i e l d ,  
f i n a l l y ,  i s  a f u n c t i o n  of t h e s e  same v a r i a b l e s ,  and a d d i t i o n a l l y  of t h e  

w i t h  comparable b l a d e  l o a d s ,  w h i l e  t h e  I D  b l a d e  has a b l a d e  load  one  t o  two 
o r d e r s  of magni tude  l a r g e r .  I n  consequence  of t h e  d i f f e r e n c e s  i n  t a n g e n t i a l  
t o o l  speed and b l a d e  l o a d ,  t h e  f e e d  r a t c  vc  i n  t h e  mu l t i -w i r e  and m u l t i - b l a d e  
sys t ems  is t;m t o  t h r e e  o r d e r s  of  magni tude  s m a l l e r  t h a n  i n  t h e  I D  method. The 
same consequences  ; i r e  s een  f o r  t h c  p r ~ x i u c t i v i t y  which is  d e f i n e d  ; s t h e  wafer  
a r e a  c u t  p e r  minute  and p e r  b l a d e .  
These d i r e c t  a t t r i b u t e s  may h e  used t o  d e r i v e  two pa rame te r s  which may be 
more b a s i c  i n d i c a t o r s  of  t h e  p r o c e s s  c h a r a c t e r i s t i c s :  t h e  r e l a t i v e  c u t t i n g  
r a t e  vc /v t ,  and t h e  a b r a s i o n  r a t e .  The r e l a t i v e  c u t t i n g  r a t e  e x p r e s s e s  t l i e  
d e p t h  o f  p e n e t r a t i o n  i n t o  t h e  workpiece  p e r  u n i t  l e n g t h  of  t a n g e n t i a l  movement 
of  t h e  t o o l .  The a b r a s i o n  r a t e  e x p r e s s e s  t h e  volume o f  m a t e r i a l  removed p e r  
u n i t  t i m e  and p e r  b l a d e .  The same l a r g e  differences between tlie m u l t i - w i r e  and 
m u l t i - b l a d e  sys tems on  one  s i d e  and  t h c  I D  sys t ems  on  t h e  o t h e r  a r c  a p p a r e n t  
i n  T a b l e  I V  f o r  t h e  a b r a s i o n  r a t c  a s  was observed  f o r  t h e  f e e d  r a t e ,  bu t  t h e  
r e l a t i v e  c u t t i n g  r a t e s  a r e  much c l o s e r ,  w i th  t h e  w i r e - s l u r r y  saw per forming 
c l o s e  t o  t h e  ID-saw. The f i x e a - a b r a s i v e  w i r e  saw, f o r  which a h i g h e r  r e l a t i v e  
c u t t i n g  r a t e  would have  been expec t ed ,  f i t s  r i g h t  i n  w i t h  t h e  s l u r r y  saws. 
Thus, a n o t h e r  v a r i a b l e  must more s t r o n g l y  i n f l u e n c e  t h e  c u t t i n g  p r o c e s s ,  and a  
l ook  a t  Tab le  IV would sugges t  t h e  b l a d e  l o a d s .  As t h e  r e p o r t s  on ID-sawing 
d i d  no t  c o n t a i n  any  b l a d e  load  i n f o r m a t i o n ,  a n  i n q u i r v  a t  STC produced a s m a l l  
d a t a  m a t r i x  o b t a i n e d  i n  a n  e a r l i e r  e spe r imen t  t h e r e .  (4) P l o t t i n g  t h e s e  d a t a  as 
f e e d  r a t e  v, v e r s u s  b l a d e  l a a d  Fn, with ut  a s  pa rame te r ,  gave ,  i n  good app rox i -  
mat ion ,  t h r e e  s t r a i g h t  l i n e s  t h rough  t h e  o r i g i n  ( F i g .  1 ) .  Fur t l ie r  p l o t t i n g  t h e  
s l o p e s  of  t h e s e  l i n c s  a s  f u n c t i o n  of t a n g e n t i a l  t o o l  speed v t  cou ld  a g a i n  be 
w e l l  app rox ina t cd  by a s t r a i g h t  l i n e  t h rough  t h e  o r i g i n  ( F i g .  2) . The l i n e a r  
c u t t i n g  speed ,  o r  f e e d  r a t e  vc is t h u s  e s s e n t i a l l y  p r o p o r t i o n a l  t o  bo th  t h e  
t a n g e n t i a l  t o o l  v e l o c i t v  v t  and t h e  b l a d e  load  Fn. \Chile t h i s  r e l a t i o n s h i p  h a s  
been o b t a i n e d  w i t h  t h e  .D saw a t  h igh  Fn and v t  v a l u e s ,  a p p l y i n g  t h i s  r e l a -  
t i o n s h i p  co t h e  d a t a  f o r  t h e  m u l t i - o l a d e  and mul t i -w i r e  s l u r r y  sawing and t h e  
FAST methods w i t h  t h e i r  low F, and v t  v a l u e s  r e v e a l e d  a n  amazinglv  c l o s e  f i t  t o  
t h e i r  expe r i enced  f e e d  r a t e s .  I n t r o d u c i n g  n c o r r e c t i o n  f o r  t h e  k e r f  t h i c k n e s s  
k,  s i n c e  t h e  e f f e c t  of  t h e  b l a d e  load  on t h e  c u t t i n g  a c t i o n  should  be i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  ke r f  t h i c k n e s s ,  b rought  a  f u r t h e r  improvement of t h e  ap-  
proximat ion  (Tab lc  V ) .  The fo l lowing  r e l a t i o n s h i p  was t h u s  found t o  wel l  r e -  
p r e s e n t  t h e  f eed  r a t e  f o r  t h e  sawing methods i n v e s t i g a t e d  h e r e :  
vc = 4.1-10-  6 Vt Fn k  [cm min-ll  ( v t  i n  cm rnih", F,, i n  g ,  k  i n  ilm) (1) 
While t h i s  r e p r e s e n t a t i o n  of a l l  r u t t i n g  methods f o r  s i l i c o n  by t h e  same 
"General C u t t i n g  Equa t ionu  i s  s t r i k i n g ,  i t  is  t o  b e  r ecogn ized  t h a t  i t  is 
s t r i c t l y  e m p i r i c a l ,  and that t h e  "cons tan t"  should  depend on d e t a i l s  of t h e  
c u t t i n g  a c t i o n .  T h i s  i s  a p p a r e n t ,  f o r  i n s t a n c e ,  i n  Var ian  r u n  2-1-02 and 
S o l a r e x  Yasunaga r u n  1 4 ,  where a  s o f t  b l a d e  and o f i n e r  a b r a s i v e  were u sed ,  
r e s p e c t i v e l y .  N e v e r t h e l e s s ,  equ .  (1)  i n d i c a t e s  t h a t  t h e  supposcd s u b s t a n t i a l  
d i f f e r e n c e  i n  c u t t  ing  a c t  i on  between t h e  f i x e d  a b r a s i v e  and t h e  s l u r r v  methods 
c a n  b e  of o n l y  minor i n f l u e n c e  under  t h e  c u t t i n g  c o n d i t i o n s  g e n e r a l l y  a p p l i e d .  
I n  c o n t r a s t ,  b l a d e  l o a d i n g  and t a n g e n t i a l  t o o l  v e l o c i t y  a r e  t h e  impor t an t  a t -  
t r i b u t e s  f o r  o b t a i n i n g  h i g h  c u t t i n g  speeds .  C l e a r l y ,  t h e  t o o l  a r rangement  h a s  
a  s u b s t a n t i a l  i n f l u e n c e  on t h e  normal f o r c e  ~ h i c h  c a n  be  e x e r t e d  by t-11~ t o o l  
o n t o  t h e  workpiece.  P robab ly  t h e  wors t  arrangement  f o r  t h i s  purpose  is t h e  
w i r e  saw where t h e  normal f o r c e  is u s u a l l y  o n l y  a  s m a l l  f r a c t i o n  of  t h e  l o n g i -  
t u d i n a l  f c r c e  FL i n  t h e  w i r e ,  w i t h  t h e  l a t t e r  l i m i t e d  by t h e  mechan ica l  
s t r e n g t h  of t h e  w i r e  (F ig .  3 ) .  The s i t u a t i o n  should  be  s u b s t a n t i a l l y  b e t t e r  i n  
t h e  b lade  approach, which a c t s  e s s e n t i a l l y  a s  a  beam, and where t h e  l o n g i t u d i -  
n a l  f o r c e s  a r e  a p p l i e d  p r i m a r i l y  t o  prevent  buckl ing.  I n  t h e  I D  saw blade,  t h e  
f o r c e  d i s t r i b u t i o n  i s  q u i t e  complicated,  but  t h i s  should be t h e  most f a v o r a b l e  
arrangement of t h e  t h r e e  wi th  r e s p e c t  t o  a t t a i n i n g  h igh  b lade  l o a d s  wi th  a 
given b lade  m a t e r i a l .  I n  consequence, it seems t h a t  t h e  emphasis should s h i f t  
more t o  b e t t e r  b lade  des ign  f o r  h igh b lade  load ing ,  and t o  machine des ign  f o r  
h igher  t a n g e n t i a l  t o o l  v e l o c i t i e s ,  t o  a t t a i n  h igher  c u t t i n g  speeds i n  o r d e r  t o  
ach ieve  more economical sawing. 
Experience has  shown t h a t  t h e  I D  c u t t i n g  method g e n e r a l l y  r e s u l t s  i n  a  
t h i c k e r  damaged l a y e r  than  t h e  o t h e r  methods. I n  l i g h t  of t h e  preceding d i s -  
cuss ions ,  i t  may be specula ted  t h a t  t h e  b lade  loading r a t h e r  than  t h e  c u t t i n g  
method may be r e s p o n s i b l e  f o r  t h e  l a r g e r  saw damage. It i s  tempting t o  genera- 
l i z e  t h a t  h igher  b lade  loading would always r e s u l t  i n  increased saw damage. It 
w i l l  t h e r e f o r e  be  worthwhile t o  i n v e s t i g a t e  t h i s  a s p e c t ,  and t o  determine t h e  
a p p r o p r i a t e  t rade-off  between damaged-laye - th ickness  and b lade  loading f o r  
optimum economy i n  t h e  c u t t i n g  opera t  ion .  f 10) 
ECONOMIC ANALYSES 
Severa l  o r g a n i z a t i o n s  have performed c o s t  a n a l y s e s  f o r  t h e  v a r i o u s  wafer-  
ing machines on t h e  market o r  under development, and have a r r i v e d  a t  compara- 
b l e  add-on p r i c e s  f o r  s i m i l a r  s l i c i n g  systems,  when they  have used t h e  SAMIS- 
IPEG method.(2-698) Also, a  comparative a n a l y s i s  of t h e  add-on p r i c e s  and t h e  
t o t a l  wafer p r i c e s  ( i n  1975 d o l l a r s )  had been c a r r i e d  ou t  t h r e e  y e a r s  ago(') 
f o r  t h e  four  s l i c i ~ g  methods d i scussed  i n  t h e  preceding s e c t  i o n s ,  based on 
product ion exper ience  a s  f a r  a s  a v a i l a b l e ,  on exper imenta l  runs ,  o r  on p ro jec -  
t i o n s  made by t h e  v a r i o u s  companies. The then c u r r e n t  p r i c e s  and p r o j e c t i o n s ,  
now expressed i n  1980 d o l l a r s ,  a r e  compared i n  Table V I  wi th  those  r e s u l t i n g  
from t h e  c u r r e n t  technology s t a t u s ,  o r  from r e c e n t  p r o j e c t i o n s .  Most of t h e  
a v a i l a b l e  a n a l y s e s  g i v e  t h e  " d i r e c t  add-on p r i c e "  of t h e  o p e r a t i o n  i t s e l f ,  
which g i v e s  a n  incomplete p i c t u r e ,  a l though it has  t h e  advantage of being in-  
dependent of t h e  s i l i c o n  p r i c e .  More in fo rmat ive  i s  t h e  " t o t a l  add-on p r i ce" ,  
which i n c l u d e s  t h e  c o s t  of t h e  s i l i c o n  l o s t  i n  t h e  o p e r a t i o n ,  which v a r i e s  be- 
tween t h e  d i f f e r e n t  methods and wi th  technology s t a t u s .  Of h ighes t  informat ion 
v a l u e  i s  t h e  "wafer pr ice" ,  which inc ludes  a l s o  t h e  c o s t  of t h e  s i l i c o n  cork- 
t a ined  i n  t h e  good wafers ,  which i s  determined by t h e  wafer t h i c k n e s s  which i s  
a l s o  a  f u n c t i o n  of method and technology s t a t u s .  
For t h e  mul t i -b lade  s l u r r y  s a w ,  Table V I  c o n t a i n s  1977 product ion d a t a ,  
p r o j e c t i o n s  made a t  t h a t  t ime f o r  1982 technology,  p r i c e s  a c h i e v a b l e  wi th  t h e  
c u r r e n t  technology,  de r ived  from exper imenta l  runs ,  and d a t a  p ro jec ted  by 
Varian f o r  technology improvements expected t o  be a v a i l a b l e  by 1984. I t  i s  
ev iden t  t h a t  s u b s t a n t i a l  p rogress  i n  reducing t h e  d i r e c t  add-on p r i c e  has been 
achieved f o r  t h e  mul t i -b lade  s l u r r y  saw, a l though it  does  not  y e t  approach t h e  
1978 p r o j e c t i o n .  Also, t h e  p r o j e c t i o n s  t o  1984, made i n  l i g h t  of newly gained 
knowledge, f a l l  reasonably  c l o s e  t o  t h e  e a r l i e r  p r o i e c t i o n .  It may be nated 
t h a t  a  r ecen t  a n a l y s i s  by P.R. Hoffman Comp. h a s  r e s u l t e d  i n  comparable num- 
b e r s .  Fur the r  reducing t h e  kerf  t h i c k n e s s ,  and t h u s  t h e  c o s t  of l o s t  s i l i c o n ,  
would s i g n i f i c a n t l y  he lp  t o  reduce t h e  t o t a l  add-on p r i c e .  I t  may be noted 
t h a t  a  p ro jec ted  s i l i c o n  p r i c e  o, $100/kg, a f t e r  g r i n d i n g  t o  uniform d iamete r ,  
has  been a p p l i e d  i n  consequence of a n  e a r l i e r  p r o j e c t i o n  which expected s i n g l e  
c r y s t a l  s i l i c o n  t o  be a v a i l a b l e  a t  t h a t  p r i c e  by 1982. Also, a  r e d u c t i o n  of  
t h e  ground ingo t  p r i c e  t o  approximately $40/kg had been p r c j e c t e d  f o r  1986. 
This  would reduce t h e  wafer p r i c e  t o  about $80/m2 us ing  t h e  Varian p r o j e c t i o n .  
Th i s  v a l u e  is  s u b s t a n t i a l l y  h igher  than t h e  shee t  p r i c e  a l l o c a t i o n  of $27.4/m2 
f o r  ach iev ing  t h e  1980 module p r i c e  goa l  of $0.7O/W(peak). 
For I D  sawing, t h e  1978 p r i c e  a n a l y s i s  had been made on t h e  b a s i s  of ASEC 
exper imenta l  runs ,  and no p r o j  e c t  ion  f o r  f u r t h e r  technology improvenlents had 
been made. S i g n i f i c a n t  p rogress  has ,  however, been made i n  I D  sawing, p a r t i c u -  
l a r l y  i n  r educ t ion  of wafer th ickness  and k e r f ,  a s  we l l  a s  i n  machine produc- 
t i v i t v .  Thus, both  t h e  d i r e c t  add-on p r i c e  and t h e  amount of  s i l i c o n  used have 
been reduced by approximately 1 / 3 ,  s o  t h a t  t h e  c u r r e n t l y  p o s s i b l e  wafer p r i c e  
e s s e n t i a l l y  matches t h e  p ro jec ted  p r i c e  of t h e  MBS saw. 
Tlre mult i-wire s l u r r y  saw (Yasunaga) has  been used exper imenta l ly  f o r  
s i l i c o n  s l i c i n g ,  wi thout  any known technology improvements. Consequently, t h e  
1978 d a t a  a r e  s t i l l  v a l i d .  P r i m a r i l y  because of t h e  h igh m a t e r i a l  c o s t s ,  t h e  
d i r e c t  add-on p r i c e  f o r  t h i s  p rocess  is  high.  Although t h e  process  r e q u i r e s  
t h e  minimum u s e  of s i l i c o n ,  t h i s  a t t r i b u t e  is  no t  adequate  t o  ach ieve  competi- 
t i v e  wafer p r i c e s .  
The FAST inet!lod is s t i l l  i n  t h e  developmental s t a g e .  The d a t a  provided by 
C r y s t a l  ~ ~ s t e m s ( 8 )  have been used f o r  an  IPEG p r i c e  a n a l y s i s  based on e x t r a -  
p o l a t i o n  t o  a  product ion s i t u a t i o n  of t h e  b e s t  s imul taneous  d a t a  achieved s o  
f a r .  In  a d d i t i o n .  a p r o j e c t i o n  has  been made based on C r y s t a l  Systems' 
1 I Opt i n i s t i c  Estimation" do  t a .  Th i s  p r o j e c t i o n  inc ludes  t h e  ~ s s u m p t i o n s  t h a t  
1500 wafers  can be c u t  s imul taneously  wi th  2 c u t t i n g  systems on t h e  machine, 
and t h a t  10 l o a d s  can be c u t  wi th  racll b lade  pack wi th  0.14 mrnlmin average 
c u t t i n g  speed i n  LOcm s lOcm blocks .  
CONCLUSIONS 
O f  t h e  t h r e e  e x i s t e n t  methods sub jec ted  t o  t e c h n i c a l  and economic analy- 
sis i n  1978, t h e  FIBS and t k e  I D  sawing methods have undergone f u r t h e r  techno- 
logy development. Also, cons ide rab le  development has  been c a r r i e d  our on t h e  
new f  ixed-abras ive  mult i-wire saw (FAST). While c o n s i d e r a b l e  technology ad- 
vancement has  been achieved wi th  a l l  t h r e e  methods, t h e  I D  saw system is  t h e  
on ly  one commercially ready,  t h a t  has approached t h e  p r i c e  p r o j e c t  i o n s  made 
t h r e e  y e a r s  ago. However, even a t  t h e  p ro ' ec ted  p r i c e  of $bO/kg i o r  ground in- 
g o t s ,  t h e  ach ievab le  wafer p r i c e  o f  $80/n3 would not be adequate  t o  meet t h e  
s o l a r  module p r i c e  g o a l  f o r  1986. With t h e  except ion of t h e  mul t i -b lade  
s l u r r y  saw, p r o j e c t i o n s  f o r  f u r t h e r  technology improvements a r e  not  a v a i l a b l e .  
Advances might he a v a i l a b l e  from f u r t h e r  improvements i n  machine and b lade  
des ign  t o  ach ieve  higher  t a n g e n t i a l  t o o l  v e l o c i t i e s  and blade  load ings .  Such 
advances c2y be sought through b e t t e r  u t i l i z a t i o n  of m a t e r i a l  p r o p e r t i e s ,  de- 
s i g n  p o s s i b i l i t i e s ,  and perhaps m a t e r i a l  s e l e c t i o n ,  without s u b s t a ~ l t i a l l y  in-  
c r e a s i n g  t h e  expendable c o s t s .  The t h i c k n e s s  of t h e  damaged l a y e r  on t h e  
wafers  may depend on t h e  h lade  load ing .  Th i s  a s p e c t  should be f u r t h e r  i n v e s t i -  
ga ted ,  and it  may s e t  a  limit t o  t h e  economically u s e f u l  b lade  loads ,  and con- 
sequen t ly  c u t t i n g  speeds .  
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ORIGtl\;A?, Ph'.Z I,", 
OF POOR GiV,i-;'i'',' 
UNITS SURRY SAwlrn FIXED ABRASIVE SAWING 
~ E T H ~ D  
(CONT~UCTOR) 
RUN # 
INGOT DIA. (Uo
N2 !LA~ES_ - 
MVLT I -BLADE 
Table I V  
Characteris- 
t i c  
Attributes 
of the 
Different 
Sawing 
Met hod s 
NULTI-WIRE I FIULTI-WIRE 
1978 
INGOT SIZE c n o l r  10 
330 
330 
WAFER t/cn 15 
84 
0,07 
BLADE) 
Nucsm w UES 230 
- 
ID-BLADE 
1978 
7,6 
200 
210 
24 
100 
0.08 
215 
- 
YASUNAGA YA-l?O 
1981 1 
10 
175 
225 
25 
80-95 
0,W- 
0.1 
? 
I (750) 
1978 
10 
350 
260 
14 
98 
20 
1 
1976 PROJ'D' 
12 
230 
250 
22 
95 
0,06 
900 
! 
-PARAMETERS 
4 
-ID 9 w  
(STC) 
(REF) 
9 , 8 '  
1 
3 
8 
75 
ms S~\K FAST 
~ R O J ' D  
10 
100 
200 
33 
100 
0,W 
333 
PROJ'D 
10x10 
300 
100 
25 
100 
0.1 
250 
1981 
10 
270 
250 
18-20 
90-95 
0,02- 
0,12 
400 
(940) 
- - - 
NA 
- - - 
N A 
!02,OW 
5270 
275 
5100 
5100 
-151 :" 
SIC 
- r7-. 
7200 
102 
200 
15,4 
13,9 
2-002 
10 
114 
T65~'- 
 IRE 
ll5un 
~IAH'D, 
-9T - 
5100 
37,8 
270 
3,9 
5.9 
1 
1931 
8 
200 
200 
25 
90 
0,08 
75 
PRW'D' 
FIXED ABPASIVE CAWING 
Amram 
TANGENTIAL TOOL SPEED 
BLADE LOAD 
FEEC RATE 
(LINEAR CUTTING SPEED) 
F~ooucrrvr ~r 
RELATIVE Cmlm 
RATE 
k r u s l o n  RUE 
2-7-06 
I d  
940 
(Vnslrir) (SOLAREX) 
8,4 
8 
75 
1981 
10 1 15 
275 ,325 
125 ,300 
25 16 
98 85 
20 1 44 
I 
I 
11 1 
1 1  
SLURRY SAWING 
MULTI-HIRE 
(CRYSTAL SYSTEMS 
FAST) 
60-150 
20-45 
4-15 
0,N-0.1 
0.7-1.2 
22 
Ur'lTs 
~ M I N  
GIBLADE 
10-3cd 
MIN 
c$/ 
(MlNn 
BLADE) 
~10-6 
*10-4 
cd/ 
(MIN- 
BLADE) 
- -(a- 
vl (cn/nrn) 
F, ( 6 )  
K (vn) 
v ( C ~ L C )  
t10-3 cn/nlr) 
v (UP)  
o r / ~ l ~ )  
&&- 
SAW 
U600 
SIC 
2-1-02 
10 
150 
SIC 
I--- 
8200 
102 
250 
14,l 
13,8 
(CRYS:, SVST,) 
328-SX (448-SX 
A; R U N  
2-002 
-77 - 
12200 
42.4 
250 
8,7 
14.3 
MULT I -BLADE 
(VARIAN 686, & E l ,  
HOFFYAN PL-4) 
12-50 
50-300 
0,4-17 
0.01-0.12 
0.1-3.4 
2,s-30 
ID-BLADE 
(SILTEC AND 
SIC 
800-1200 
15M]-6[rOO 
400-3800 
10-44 
5-38 
500-5000 
5n' -  
I600 
SIC 
11 
7 
80 
10 
14L 
12TuK 
W W I R E  
CS I 
COD P ' D ,  
-m- - 
9900 
32,s 
230 
5,3 
9,4 
~ A F  STn ?&r 5w'68% 
U 6 0 0  I 
NULTI-WIRE 
(YWWA 
YO-100) 
72-82 
4 0 0  AVE, 
6-19 
0,03-0.08 
6-16 
9-16 
2-5-02 
10 
i37 
14 
6 
75 
TOUT 
SIC 
-g5- 
3200 
104 
200 
17,9 
1 5 7  
10 
107 
SIC 
SOFT 
BLADE 
- @- 
3850 
85 
240 
5.7 
4,3 
2-5-14 
10 
1% 
3 G  
SIC 
- 9T 
7903 
1%' 
220 
15.4 
6,l 
#500/ 
600/800 
SIC 
- - 
3900 
113 
260 
7,1 
6.1 
-8x - 
3870 
85 
240 
5,8 
2,J 
- T3- 
4300 
85 
250 
6, l  
7.5 
Table V I  COST AND PRICE COMPARISONS 
FORCES ON SAW WIRE FORCES ON SAW BLADE 
DISCUSSION: 
SCHMID: We a r e  c u t t f n g  a t  4 mi1.s a minute and t h a t  was our  p r o j e c t i o n .  The 
machine is designed t o  c u t  750 wafe r s  per  b lade  head wi th  two b lade  heads.  
We have never done 750, we a r r  doing 230 a c t u a l l y  a ~ i d  t h a t  i s  b;th 25lcm. 
The b i g  d i f f e r e n c e  i n  throughput is  r e a l l y  not  c u t t i n g  r a t e ,  i t  is  J u s t  
t h e  number of b lades  t h a t  we have c u t t , n g  (239 .s opposed t~ 1500). "he 
reason t h a t  we have two b lade  heads i s  i n  f a c t  t o  50 t o  the  h igher  speedo. 
Speed and p ressure  a r e  c l e a r l y  the  determining f a c t o r s  i n  t h e  c u t t i n g  
e f f e c t i v e n e s s  of t h i s  whole th ing .  Even a t  t h e  230 S lades  r l g h t  now we 
a r e  a b l e  t o  c o ~ i p e t e  q u i t e  e f f e c t i v e l y .  
WERNER: Your equat ion i s  i n  very  c l o s e  accordance wi th  some b a s i c  t h e o r i e s  on 
g r ind ing  a s  e s t a b l i s h e d  by P e t e r s  and Leweven and some o t h e r  people includ-  
ing  myself . 
DYER: I would l i k e  t o  make two comments. F i r s t  of a l l ,  i f  you d c n ' t  g e t  t h e  
y i e l d  i n  the  l a b o r a t o r y ,  i very  much suspec t  t h a t  you a r e  no t  going t o  g e t  
i t  on t h e  production f l o o r .  I d o n ' t  t h i n k  anybody h e r e  w i l l  d l s a g r e e  w i t h  
t h a t ;  i f  you don ' t  g e t  it t h e r e  you won't g e t  it anywhere. 
WOLF: I have both exper iences  and a t  one p lace  we were a b l e  t o  do much b e t t e r  
i n  the  Iabora tc ry  than the  product ion l i n e  d i d ,  and :n ano the r  p lace ,  i t  
was t h e  o t h e r  way around. The product ion l i n e  was very  w e l l  c o n t r o l l e d  
and they could do b e t t e r  than t h e  l a b  could dc. So hot'- t h i n g s  can e x i s t .  
DYER: The o t h e r  comment is on th.- phenomena going on i n  t h e  c u t t i n g .  You had 
divided t h e s e  i n t o  sc rap ing  and c rush ing  a c t i o n  i n  the  two c a s e s  of tile 
wi re  and t h e  f ixed  a b r a s i v e .  I n  e i t h e r  case  these  a r e  cotl tact  problems 
t h c t  involve  f r a c t u r e  which h a s  been almost  ignore* i n  ms" of the  saw 
l i t e r a t u r e  and a l o t  of t h e  d i s c u s s i o n s .  1 * -  .> l  : .' : ,- make a p lea  f o r  thc: 
fact. t h a t  t h i s  l i t e r a t u r e  of perhaps 60 y e a r s  ,,: , ! I  .as  t e n s  af  thousands 
of papers i n  i t  should not  be ignored i n  t h i s  considerai1.m. I am s u r e  
t h a t  you a r e  aware of t h i s .  
WOLF: I had read y e a r s  ago some r e p o r t s  t h a t  made the  d i f f e r e n c e  of c u t t i n g  
ve r sus  one t h a t  is mare g r i n l i n g  cn t h e  b a s i s  of pee l fng  where you have s 
c u t t i n g  t o o l  which l i f t s  o f f  a p a r t  of t h e  workpiece and forms a d i v o t .  
I f  you can l i f t  up a p a r t  of t h e  m a t e r i a l  wi th  a too th  of t h e  to31  you 
c e r t a i n l y  should expect  t o  Cet a h igher  c u t t i n g  r a t e ,  than i f  you j u s t  
crush t h e  s u r f a c e .  I t h i n k  t h i s  was t h e  b a s i c  theory about t h e  f i x e d  abra -  
s i v e  being a b l e  t o  l i f t  o f f  a p a r t  of t h e  m a t e r i a l  ve r sus  a c rush ing  of 
t h e  s u r f a c e  l a y e r  i n  the  s l u r r y  system. 
SCHWUTTKE: I am not  s o  supr i sed  t h a t  you w i l l  f i n d  such o simple r e l a t i o n s h i p  
t h a t  you need on ly  a few d a t a  p o i n t s  t o  come up wi th  a simple c u t t i n g  equa- 
t i o n .  It r e a l l y  r e l a t e s  t o  t h e  f a c t  t h a t  you a r e  s e p a r a t i n g  bonding i n  
s i l i c o n  and t h a t  i s  a constarl t  number. It doeen 't m a t t e r  how yaG c u t  s i l i -  
con, i t  i s  always t h e  same fo rce  requ i red  t o  do t h i s .  I n  t h e  c u t t i n g  pro- 
c e s s  i t s e l f ,  what you r e a l l y  do is g e n e r a t e  s u c c e s s i v e l y  g r e d t  n ~ m b e r s  of 
s h e a r  loops  i n  t h e  s i l i c o n  and t h e r e  is  always a c e r t a i n  amount of energy 
needed t o  g e n e r a t e  a shea r  loop,  s o  you have t o  come o u t  wi th  a very  s i m -  
p l e  s t r a i g h t f o r w a r d  equa t ion .  You r e a l l y  don ' t  need many d a t a  p o i n t s  t o  
g e t  t o  t h a t .  
WOLF: I f  you could r e a l l y  form a ch ip  and l i f t  o f f  a &ole layer  of the  
mater ia l  a t  once with the same force ,  you should be a b l e  t o  remove more 
mater ia l ,  but ue have not found a method t h a t  does i t  e f f ec t i ve ly .  We a l l  
use the same method of e s s e n t i a l l y  crushing the  sur face  layer  and doing 
the damaging of the  bond and removing a l i t t le  b i t  of  t h e  mater ia l  a t  a 
time . 
SCHWUTTKE: I can coment  on what crushing and abrasion mans .  Crushing 
ac tua l ly  is nothing but a generat ion of microcracks and abrasion is a 
generation of shear loops. But, i f  you generate too many snear  ioops you 
have a pileup of shear loops and they lead t o  microcracks. So you can 
extrapolate  from a f a s t  technique t o  a slow technique; i t  is always the  
same thing. You put the same amoun' of energy in .  In  one case you do i 
f a s t  and the o ther  you do it slow. 
WERNER: Zn these microremoval processes,  lapping, gr inding,  o r  honing, t he  
experts  speak about spec i f i c  energy t o  remove a c e r t a i n  amount of mater ia l  
and tha t  is a constant,  o r  near ly  a constant  value,  s o  you a r e  both r i g h t .  
It is a material-related constant  value.  
SCHMID: With respect t o  surface damage a s  a funct ion of load, we did some 
work along tha t  l i n e  i n  which we were working with 30-gram and 100-gram 
loads and looked a t  both the c u t t i n g  speed and the  sur face  damage. With 
the 30-gram load we got a sur face  damage of about 5 microns and I think 
our cu t t i ng  r a t e  vas i n  the  3 m i l s  a minute range. With 100 grams we were 
up around 7 m i l s  a minute and the  sur face  damage went up t o  18 o r  20 
aicrons so i t  was very s ign i f i can t .  I suspect t ha t  t h a t  would be t rue  
with respect t o  the type of p a r t i c l e  t h a t  you use. I f  you a r e  using a 
large p a r t i c l e  s i z e ,  you would probably have l e s ~  p a r t i c l e s  contact ing the  
workpiece so i t  r e a l l y  would be a funct ion of t ha t  plus  the kerf .  It a l l  
bo i l s  down t o  the pressure and speed a t  the cu t t i ng  point.  Our work has 
only been done with pressure; I don't  know what the  a f f e c t  of speed would 
be, but tha t  is something t h a t  we would hope t o  ge t  a t .  
